Scintillating ceramics are a promising, new development for various applications in science and industry. Their application in calorimetry for particle physics experiments is expected to involve an exposure to high levels of ionizing radiation. In this paper, changes in performance have been measured for scintillating ceramic samples of different composition after exposure to penetrating ionizing radiation up to a dose of 38 kGy.
Introduction
Sintered, transparent materials ("ceramics") are being developed as a competitive alternative to crystals for use as scintillators in various fields of application. While homeland security and commercial applications are the primary fields of envisaged applications, the scientific community is showing an increasing interest in their potential use as heavy scintillators in calorimetry. Where large detectors are needed, as for particle physics experiments, scintillating ceramics might offer in fact an affordable alternative to inorganic crystals.
The environment in which a scintillating material will be used can place stringent requirements on performance, in particular where high levels of ionizing radiation are expected, as it will be the case for the High-Luminosity Large Hadron Collider (HL-LHC) at CERN. For crystals, the achievement of the required radiation resistance is known to depend on the stoichiometric composition and on the suppression of defects at the ppm level, which in some cases has required many years of R&D [1, 2, 3, 4, 5] . For ceramic scintillators, this is a yet unexplored territory, and no material optimization has been performed so far to meet such requirements.
It was thus mandatory, as a first step in the exploration of the ceramics' potential, to test the effects of ionizing radiation on available samples. In this paper, we will present first results for the effect of ionizing radiation on scintillating ceramic samples after irradiation with 60 Co γ up to a dose of 38 kGy at a dose rate of 0.58 kGy/h, the latter being representative for the expected running conditions in the most exposed regions of an electromagnetic calorimeter at the HL-LHC. The studied samples -of different composition and origin -have not been previously optimized for radiation hardness, thus the presented results provide conservative limits on the achievable performance.
Characteristics of scintillating ceramics
The production of transparent scintillating ceramics involves sintering nanocrystals into fully dense, transparent polycrystalline solids. Transparent ceramics production offers an alternative to crystal growth, and is expected to be more economical, especially for high-melting point materials, since efficient sintering occurs at temperatures below the melting point. Sintering involves a faster production cycle compared to crystal growth in high-temperature furnaces, and samples can be formed to shape. The resulting samples can be machined, are robust, and unlike crystals, exhibit no cleavage planes. In case an activator for scintillation is added, its distribution is inherently uniform across the sample, while segregation is always a problem when growing large crystals. The present, early stage of the production method development, which still limits the size of available samples, is one disadvantage, along with the fact that sintering is possible only where the crystalline structure is cubic.
Possible applications
We have studied in this work ceramics at their present stage of development, to establish whether their would be suitable scintillators for a calorimetry upgrade aimed at running at the HL-LHC. There, the main issue will be ensuring an adequate performance under exposure to ionizing radiation levels up to 0.15 kGy/h and 1 MGy in total [6] , and to energetic hadron fluences up to 3 × 10 14 particles/cm 2 . While the present stage of ceramics Figure 1 : Schematic drawing of a Shashlik module production may not allow, for several years, envisaging the construction of a homogeneous calorimeter, scintillating ceramic plates a few millimeters in thickness already reach the suitable dimensions for a sampling calorimeter. A sampling calorimeter with alternating layers of passive absorber (e.g. Pb or W) and active plates of a heavy scintillating ceramics provided with a "Shashlik"-type readout [7] , as shown in Fig. 1 , could be built to have compact dimensions, comparable to a currently running homogeneous calorimeter such as the CMS ECAL [8] .
Ionizing radiation test procedure
We have studied the change of light transmission for the available samples due to exposure to penetrating ionizing radiation. As it is well known, ionizing radiation causes color centers to materials, that tend to absorb light. The damage, in a given material, tends to reach an equilibrium between spontaneous recovery at room temperature and damage, whose amplitude depends on dose rate. We have exposed the samples to a ionizing dose rate φ γ = 0.58 kGy/h for a total integrated dose Φ γ = 38 kGy. After irradiation, all the samples were kept in the dark, at room temperature, except for the few moments needed for insertion and removal in the spectrophotometer. In the test, the dose rate used is somewhat higher than expected for HL-LHC running, it is however representative for the ionizing dose rate accompanying hadron-irradiations that we envisage performing at a later stage. To quantify the damage, we have measured the Light Transmission (LT) as a function of wavelength before and after irradiation, and we have determined the induced absorption coefficient µ IN D (λ) as a function of light wavelength λ, as explained in [9] , as:
where LT 0 (LT ) is the Light Transmission value measured before (after) irradiation through the thickness ℓ of the crystal.
Scintillating ceramic samples and results
We have tested a few scintillating ceramics samples, that have been developed for purposes other than calorimetry in high-energy hadron collisions. Thus, we did not expect them a priori to be optimized in their radiation hardness. All the studied samples contain Cerium as the activator for scintillation, and emit a broad spectrum of scintillation light, which is peaked around 520 nm.
Lutetium-Yttrium garnets
The Lutetium-Yttrium garnets we have tested, have been kindly provided by the Shanghai Institute of Ceramics [10] , where they are being developed mainly for applications as LED components. For this reason, they exhibit important fluorescence levels, that would need to be minimized for HL-LHC applications. They are visible in Fig. 2 and their characteristics are listed, along with their composition, in Table 1 , where ρ is the density, ℓ the 
GYGAG garnet
The GYGAG garnet we have tested, has been kindly made available to us by the Lawrence Livermore National Laboratory [11] . Its characteristics are found in Table 2 and the sample is visible in Fig 7. Concerning this sample, The Light Transmission before and after irradiation for cGYGAG is shown in Fig. 8 . Here as well, a broad color center is visible, of quite small amplitude. The induced absorption µ IN D does not exceed 1 m −1 over the entire range of emission wavelengths, between 520 and 580 nm. For this sample as well, no recovery of damage has been observed over several months.
Conclusions
Several transparent scintillating ceramic samples have been exposed to important levels of ionizing radiation, and the changes in light Transmission have been measured. The damage, in terms of induced absorption length, is modest, compared to the dimension of the samples, were scintillation light to be transported through them. The magnitude of ionizing radiation damage at the wavelengths of scintillation emission might be adequate for their use in a sampling calorimeter at the HL-LHC, where light would have to travel ∼ 2 cm inside the scintillator before being collected.
